The development of dendritic arborizations and spines is essential for neuronal information processing, and abnormal dendritic structures and/or alterations in spine morphology are consistent features of neurons in patients with mental retardation. We identify the neural EGF family member CALEB/NGC as a critical mediator of dendritic tree complexity and spine formation. Overexpression of CALEB/NGC enhances dendritic branching and increases the complexity of dendritic spines and filopodia. Genetic and functional inactivation of CALEB/NGC impairs dendritic arborization and spine formation. Genetic manipulations of individual neurons in an otherwise unaffected microenvironment in the intact mouse cortex by in utero electroporation confirm these results. The EGF-like domain of CALEB/NGC drives both dendritic branching and spine morphogenesis. The phosphatidylinositide 3-kinase (PI3K)-Akt-mammalian target of rapamycin (mTOR) signaling pathway and protein kinase C (PKC) are important for CALEB/NGC-induced stimulation of dendritic branching. In contrast, CALEB/NGC-induced spine morphogenesis is independent of PI3K but depends on PKC. Thus, our findings reveal a novel switch of specificity in signaling leading to neuronal process differentiation in consecutive developmental events.
Introduction
The development of dendritic arbors is critical to neuronal circuit formation as dendrites are the primary sites of synaptic input (Scott and Luo, 2001; Whitford et al, 2002; Jan and Jan, 2003) . Following dendritic tree elaboration, small protrusions called spines emerge from the dendritic shafts of many neurons. These spines are morphologically specialized, and represent the main postsynaptic compartment for excitatory input (Hering and Sheng, 2001; Yuste and Bonhoeffer, 2004) . A great deal of data has been presented on the importance of transmembrane proteins for connecting extrinsic cues, which regulate spine morphogenesis, to intracellular mediators of cytoskeletal rearrangements (Ethell and Pasquale, 2005) . Various steps of dendrite development have been shown to be regulated by diffusible cues such as neurotrophins (Yacoubian and Lo, 2000; Horch and Katz, 2002; Ji et al, 2005) , cell-cell interactions involving proteins such as Notch 1 (Šestan et al, 1999; Redmond et al, 2000) and b-catenin (Yu and Malenka, 2003) and neuronal activity (McAllister et al, 1996; Maletic-Savatic et al, 1999; PorteraCailliau et al, 2003; Tolias et al, 2005) . Among the proteins that transduce these signals into changes in dendritic shape are not only members of the Rho family of proteins (Govek et al, 2005) , but also components of some key signaling pathways. One example is the Ras-Raf-MAP kinase kinase (MEK)-mitogen-activated protein kinase (MAPK) pathway, which has been shown to be involved in activity-dependent dendrite differentiation (Wu et al, 2001; Vaillant et al, 2002) . Another likely candidate is the phosphatidylinositide 3-kinase (PI3K)-Akt signaling pathway. This pathway has gained attention in neuroscience as it was highlighted to be implicated in neuronal growth, survival, neurite outgrowth, and synaptic plasticity (Atwal et al, 2000; Kuruvilla et al, 2000; Markus et al, 2002; Sanna et al, 2002) . The PI3K has also been shown to organize dendritic branching together with Rho GTPases (Leemhuis et al, 2004) . One of the PI3K-Aktregulated proteins is the protein kinase mammalian target of rapamycin (mTOR), which is thought to act primarily by regulating protein translation. PI3K-Akt-mTOR signaling not only controls synaptic plasticity (Tang et al, 2002; Hou and Klann, 2004) , but also dendritic arborization (Jaworski et al, 2005; Kumar et al, 2005) .
However, the precise molecular mechanisms that transduce extracellular cues via transmembrane receptors to intracellular signaling pathways to shape dendritic arbors and spines during consecutive developmental events are not fully understood.
In this study, we characterized CALEB/NGC (Chicken Acidic Leucine-rich EGF-like domain containing Brain protein/Neuroglycan C), a member of the neural transmembrane EGF family, in the processes of dendritic tree elaboration and spine formation. CALEB/NGC is highly expressed in brain, in particular in fiber-rich areas, and the expression of this protein is upregulated during times of dendrite differentiation (Schumacher et al, 1997; Aono et al, 2000) . CALEB/NGC can bind to the extracellular matrix proteins tenascin-C and tenascin-R, and interacts with the intracellular PSD-95/ Discs large/ZO-1 (PDZ) domain protein PIST (PDZ domain protein interacting specifically with TC10; Schumacher et al, 2001; Hassel et al, 2003; Schumacher and Stü be, 2003) . Cell culture experiments suggested a function of CALEB/NGC in neurite formation (Schumacher et al, 1997; Nakanishi et al, 2006) . Electrophysiological analysis of CALEB/NGC-deficient mice showed disturbances in maintaining normal release probability at early developmental stages (Jüttner et al, 2005) . However, the physiological function of CALEB/NGC is still unclear. Using in utero electroporation, we show that CALEB/NGC stimulates dendritic tree and spine complexity in the mouse cortex in vivo. Further, studies in primary hippocampal neurons indicate that the enhancement of dendritic arborization by CALEB/NGC is mediated by the EGFlike domain. This effect is independent of electrical activity, but can be blocked by inhibitors of PI3K, Akt, and mTOR. It is also dependent on protein kinase C (PKC) but not on the MEK-MAPK pathway. In contrast to its effect on dendritic branching, CALEB/NGC increases the complexity of dendritic spines and filopodia independent of PI3K.
Taken together, we present novel evidence for a physiological role of CALEB/NGC in mediating dendritic tree complexity in the rodent cortex and uncover mechanisms of how CALEB/NGC drives dendritic branching and spine formation.
Results

CALEB/NGC is expressed in hippocampal and neocortical neurons and increases dendritic arborizations
In this study, we were interested in the expression of CALEB/ NGC in rodent hippocampal and neocortical tissue. We found strong expression of CALEB/NGC in adult dentate gyrus (DG) and the CA1 and CA3 (Cornu Ammonis) regions, as demonstrated by indirect immunofluorescence staining with an affinity-purified polyclonal antibody to CALEB/NGC ( Figure 1A1 ). CALEB/NGC was expressed in regions where basal or apical dendrites of pyramidal neurons elaborate ( Figure 1A2 ). It was also expressed in postnatal day 10 (P10) mouse hippocampal tissue ( Figure 1A3 ) and in the neocortex, in particular in the upper layers ( Figure 1A4 ). Furthermore, CALEB/NGC was expressed in primary hippocampal neurons at 9 days in vitro (DIV9) and, in addition to being present in axons and cell bodies, strongly localized to dendrites ( Figure 1A5-A8) .
To find out whether CALEB/NGC is involved in the development of dendritic arborizations, we ectopically expressed the CALEB/NGC isoform mCALEBb or EGFP in DIV7 hippocampal neurons. After two more days in culture (DIV7 þ 2), neurons were fixed and stained for mCALEBb or GFP. The dendritic trees of neurons expressing mCALEBb were much more elaborated than those of EGFP-expressing cells ( Figure 1B ). Compared to neurons expressing EGFP, mCALEBb-expressing cells had more complex dendritic branches, as measured by total number of dendritic end tips (TNDET) of branches longer than 8 mm (Figure 1C and D; mean values and s.e.m. of all statistical calculations can be found in Supplementary Figure S6) . We also coexpressed mCALEBb together with EGFP, and compared these neurons to those that only expressed EGFP ( Figure 3B ). A similar increase in TNDET was found ( Figure 3C and D). The effects of CALEB/NGC on dendritic arbor elaboration were further analyzed using Sholl analysis, which quantifies the number of times dendrites from a neuron cross concentric circles of increasing diameter (Sholl, 1953) . With this analysis, we confirmed that expression of mCALEBb enhanced dendritic tree complexity ( Figure 1E ).
To describe dendritic phenotypes more precisely, we determined the number of dendritic end tips of apical and basal dendrites and the number of higher order dendrites in the same experimental approach as described above. We restricted this part of analysis to those neurons with clear distinguishable basal and apical dendrites. We found that mCALEBb expression only slightly increased the number of end tips (NDET) of basal dendrites but significantly increased NDET of apical dendrites when compared to EGFP as control ( Figure 1F ). Expression of mCALEBb significantly increased the number of higher order dendrites ( Figure 1G ). Together, these results show that overexpression of CALEB/NGC increases dendritic branching of primary hippocampal neurons.
Knockdown of CALEB/NGC reduces dendritic tree complexity
To examine the impact of endogenous CALEB/NGC on dendritic tree morphogenesis, we used RNA interference with siRNA and shRNA directed to CALEB/NGC. Primary hippocampal neurons were transfected at DIV9 either with shRNA construct CAL3sh (specific for rat and mouse CALEB/NGC) or with control shRNA construct CAL1sh (derived from a part of chicken CALEB/NGC sequence, which is not conserved between chicken and rat or mouse). Three days after transfection, cells were stained for GFP (green) and CALEB/NGC (red) and analyzed. We could observe a correlation of endogenous CALEB/NGC levels and dendritic tree complexity Figure S1 ) in CAL3sh knockdown neurons. Two CAL1sh control cells are given in Figure 2A1 and A2. We determined TNDET and found it to be significantly reduced in neurons targeted by CAL3sh when compared to neurons transfected with CAL1sh or pCGLH vector as control ( Figure 2C) . A further control of knockdown efficiency is given in Figure 2D . A Western blot was performed with detergent cell extracts of HEK293 cells cotransfected with mCALEBb and either CAL1sh or CAL3sh and stained for FLAG-tagged CALEB/NGC and b-tubulin as a loading control. We also transfected DIV10 primary hippocampal neurons with siRNA oligonucleotides CAL1 and CAL3 and analyzed the CAL3-induced reduction of endogenous CALEB/NGC by immunoblotting with a monoclonal antibody to CALEB/NGC ( Figure 2E and Supplementary Figure S2) . b-Tubulin was stained as a loading control. A quantitative analysis of CALEB/NGC-specific immunofluorescence signal in cell bodies of EGFP-expressing neurons corroborated the knockdown of CALEB/NGC expression by CAL3 but not by CAL1 ( Figure 2F ). Neurons co-transfected with CALEB/NGCspecific siRNA oligonucleotide CAL3 and EGFP-encoding plasmid had decreased CALEB/NGC expression and reduced dendritic arborization ( Figure 2F and G and Supplementary Figure S3 ) when compared to neurons co-transfected with control oligonucleotide CAL1 and EGFP-encoding plasmid (Figure 2F and G and Supplementary Figure S3) . The quantification of TNDET showed that the specific knockdown of CALEB/NGC by CAL3 resulted in a reduced number of end tips when compared to CAL1 or EGFP alone ( Figure 2G ). These findings support the relevance of CALEB/NGC for regulation of dendritic arbor complexity. . In a high-magnification view of the CA1 region (A2) CALEB/NGC staining was found predominantly in fiber-rich areas. CALEB/NGC was also present in P10 mouse hippocampus (A3) and cortex (A4). When hippocampal cells in culture at DIV9 were probed with two different anti-CALEB/NGC antibodies (A5, A8), cell bodies and dendrites were clearly decorated. Anti-microtubule-associated protein 2 (MAP2) antibody stainings (red, A6) and overlay of anti-CALEB/NGC and MAP2 stainings (A7) confirmed dendritic localization of CALEB/NGC. (B) Examples of hippocampal neurons in culture transfected at DIV7 with either EGFP-encoding (left panel) or mCALEBb-encoding plasmid (right panel) and analyzed at DIV7 þ 2. (C) Quantification of TNDET of hippocampal neurons transfected as described above; n ¼ 150, ***Po0.0001. (D) Cumulative frequency plot of TNDET in neurons examined as described. (E) Neurons transfected as described above were analyzed by Sholl analysis; n ¼ 15, **Po0.001, *Po0.01. (F, G) Effect of CALEB/NGC on total number of apical and basal dendritic branches (F) and on higher order dendritic branches (G); n ¼ 32, **Po0.005, *Po0.05. Scale bars, 200 mm (A1), 80 mm (A2), 150 mm (A3, A4), 25 mm (A5-A8), 15 mm (B). CA, cornu ammonis; DG, dentate gyrus; Cx, cortex. The EGF-like domain and a specific cytoplasmic peptide segment of CALEB/NGC are important for increasing dendritic tree complexity To gain insight into the intracellular regions of CALEB/NGC necessary for signal transduction to the cytoskeleton, we transfected several CALEB/NGC-derived constructs into hippocampal neurons in culture. The cytoplasmic part of CALEB/NGC can be subdivided into four regions, A-D ( Figure 3A ). Construct '388', which has only cytoplasmic region A, and construct '400', that contains region B in addition, were transfected into hippocampal neurons at DIV7 and analyzed at DIV7 þ 2. The quantification of TNDET ( Figure 3C ) showed that construct '400', like mCALEBb, was able to increase the complexity of dendritic arbors. To exclude the possibility that any of the CALEB/NGC-derived constructs was not correctly targeted to all dendrites, we cotransfected these constructs together with EGFP-encoding plasmid into DIV7 hippocampal cells, which were analyzed at DIV7 þ 2 ( Figure 3B ). Quantification of TNDET ( Figure 3D ) confirmed the result indicated above. We next analyzed the CALEB/NGC-derived construct '396', which lacks the cytoplasmic region ( Figure 3A ). We hypothesized that it might uncouple extracellular events (e.g. binding of a putative ligand) from intracellular signal transduction. Indeed, we found that construct '396' led to a reduction in TNDET ( Figure 3E and F). These findings suggest that CALEB/NGCderived construct '396' may work in a dominant-negative manner to inhibit endogenous CALEB/NGC action.
To determine which region of the extracellular part of CALEB/NGC is necessary for promoting dendritic tree complexity, we tested several deletion constructs. We found that the construct EGFshedding1 ( Figure 3A ), which only contains the EGF-like domain outside the cell, was sufficient to drive dendritic branching like mCALEBb ( Figure 3G ). To examine whether the EGF-like domain is necessary for stimulating dendrite morphogenesis, we analyzed the construct EGFmutant1 ( Figure 3A ), which is identical to mCALEBb with the exception of four-point mutations in the EGF-like domain (see Materials and methods). This construct did not promote dendritic branching above EGFP control ( Figure 3G ). Quantification of TNDET confirmed these results ( Figure 3H ). Thus, the EGF-like domain of CALEB/NGC drives dendritic branching.
CALEB/NGC stimulates dendritic tree complexity in mouse cortex
To explore whether CALEB/NGC is important for dendritic tree development in vivo, we performed analysis of mouse brain pyramidal neurons of neocortex targeted by in utero electroporation. This technique was chosen because it allows a selective manipulation of CALEB/NGC function in a subset of cells in otherwise normal tissue. It further allows a temporally discrete interference with endogenously expressed CALEB/NGC protein. In this way, the caveat of expression upregulation of genes that could compensate for functional loss of CALEB/NGC can be circumvented. This compensatory expression upregulation of genes might be a problem in classical genetic knockout strategies (Deuel et al, 2006; Koizumi et al, 2006) .
We used the in utero electroporation protocol to transfect embryonic day 15.5 (E15.5) cortical neurons, mostly pyramidal neurons of cortical layers II and III in vivo with the constructs mCALEBb and '396' ( Figure 3A ) cloned into the pCLEG vector. In addition, the shRNA constructs CAL3sh and CAL1sh as control cloned into the pCGLH vector (Chen et al, 2005) were used. With both vectors, expression of GFP is translationally driven by an internal ribosomal entry site (IRES). Electroporated animals were examined at postnatal day 7 (P7). Examples of coronal sections of these animals stained for GFP are given in Figure 4A1 -E1. In each case, cortical cells in one hemisphere were targeted. Two examples of individual pyramidal neurons for each transfection condition are presented in Figure 4A2 -E3. Dendritic arbors of neurons expressing mCALEBb ( Figure 4B2 and B3) were more complex, and dendritic arbors of neurons expressing construct '396' ( Figure 4C2 and C3) were less complex than those of control neurons ( Figure 4A2 and A3). Expression of different CALEB/NGC-derived constructs in these pyramidal neurons was shown by anti-FLAG epitope staining ( Figure 4F ). Analysis of mice cortices electroporated with the CAL3sh-knockdown construct specific to CALEB/NGC confirmed these results. The NDET of electroporated neurons in cortex was reduced as shown by two representative neurons ( Figure 4D2 and D3) when compared to the knockdown control CAL1sh. The quantification of TNDET ( Figure 4G ) confirmed that mCALEBb increased, constructs '396' and CAL3sh decreased dendritic tree complexity. The outcome of these experiments is that CALEB/NGC is functionally critical for establishing dendritic tree complexity of mouse pyramidal neurons in vivo.
The PI3K-Akt-mTOR pathway is important for CALEB/ NGC-induced increase in dendritic tree complexity To get more insight into the molecular mechanisms of CALEB/NGC function with respect to dendritic arbor elaboration, we focused on the PI3K-Akt-mTOR and the MEK-MAPK signaling pathways which have recently been shown to be important for the control of dendritic arborization (Wu et al, 2001; Vaillant et al, 2002; Jaworski et al, 2005; Kumar et al, 2005) .
We used established inhibitors for specific kinases of these signaling pathways to determine the relevance of these proteins for CALEB/NGC-induced dendritic branching. Hippocampal neurons were transfected at DIV7 either with EGFP-or mCALEBb-encoding constructs, treated with these specific inhibitors and analyzed at DIV9 ( Figure 5A , left and right panels, respectively). All inhibitors of the PI3K-AktmTOR pathway blocked CALEB/NGC-increased dendritic tree complexity, whereas U0126, a MEK inhibitor, did not ( Figure 5A ). In more detail, the PI3K inhibitor LY294002 fully suppressed CALEB/NGC-induced increase in TNDET ( Figure 5B ). It also reduced dendritic branching in the control as has been published (Jaworski et al, 2005; Kumar et al, 2005) .
A similar decrease in TNDET was observed when applying Akt inhibitors I and III ( Figure 5C ). When the Akt target mTOR was inhibited by rapamycin, the CALEB/NGC-induced increase in TNDET was significantly reduced ( Figure 5D ). However, even with two different concentrations of rapamycin, mCALEBb-transfected neurons had still more dendritic end tips than EGFP-transfected control cells. The MEK inhibitor U0126 did not lead to any inhibition of CALEB/ NGC-induced increase in TNDET ( Figure 5E ), although it was active in inhibiting the phosphorylation of MAPK ( Figure 5F ). Taken together, the PI3K-Akt-mTOR, but not the MEK-MAPK pathway, is important for CALEB/NGC-stimulated dendritic tree complexity. (Sin et al, 2002; Yu and Malenka, 2003) . Application of a mixture of antagonists (tetrodotoxin (TTX), D-3-amino-phosphonovaleric acid (D-APV) and nifedipine (NF)) to DIV7 hippocampal neurons decreased TNDET in control conditions ( Figure  6A and B). However, mCALEBb overexpression resulted in an increase in TNDETeven in the presence of the inhibitors TTX, D-APV, and nifedipine, when compared to EGFP-expressing cells ( Figure 6A and B). These findings indicate that the effect of CALEB/NGC on dendritic tree elaboration is, at least to a large extent, independent of electrical activity.
CALEB/NGC stimulates dendritic tree complexity independent of electrical activity but dependent on PKC
A possible involvement of CALEB/NGC in neurite outgrowth has been published (Schumacher et al, 1997; Nakanishi et al, 2006) . Data from Nakanishi et al (2006) suggest that the extracellular part of CALEB/NGC is able to promote neurite outgrowth via PI3K and PKC pathways. We were interested whether PKC plays a role in CALEB/NGCstimulated dendritic branching. We found that the PKC inhibitor hypericin only very slightly affected the increase in TNDET mediated by CALEB/NGC ( Figure 6A and C) . However, bisindolylmaleimide (BIM), another inhibitor of PKC, blocked the increase in TNDET stimulated by CALEB/NGC ( Figure 6A and D). Together, these results suggest that PKC plays a role in CALEB/NGC-mediated dendrite morphogenesis.
Enhanced CALEB/NGC expression increases density and complexity of dendritic spines and filopodia CALEB/NGC was not only expressed in main dendrites of hippocampal neurons early in development ( Figure 1A ), but also strongly localized to dendritic spines and filopodia during later maturation stages ( Figure 7A) . Therefore, the question arose whether CALEB/NGC might be involved in spinogenesis as well. To examine this, we overexpressed mCALEBb or EGFP in DIV12 hippocampal neurons in culture and analyzed spine and filopodia morphology of these cells 4 days later (DIV12 þ 4). When compared with EGFP-expressing neurons (Figure 7B ), the dendritic arbors of mCALEBbexpressing cells were more elaborated and contained a great many spines and filopodia ( Figure 7B and C) . To discriminate between spines and filopodia, we considered all dendritic protrusions p3.5 mm in length, which had a head-like structure, as spines. With this definition, we found that mCALEBb expression in hippocampal neurons induced 19% more spines than EGFP expression (13% more spines if coexpressing mCALEBb with EGFP). However, one could observe that EGFP-expressing neurons developed normal spines, often with a mushroom-like shape ( Figure 7C ). In contrast, mCALEBb expression resulted in longer and more irregular spines, which were frequently branched ( Figure 7C ). To describe the phenomena mentioned above more precisely, we quantified the length and density of spines and filopodia, (Figure 7D ), but also the density (spines and filopodia per 10 mm) of dendritic spines and filopodia ( Figure 7E ). The quantification of branch-point density of dendritic spines and filopodia (branch points per 100 mm) showed that mCALEBb expression resulted in a large increase in spine and filopodia branching ( Figure 7F ).
To assess further the significance of CALEB/NGC for spinogenesis, we reduced the expression level of endogenous CALEB/NGC by RNA interference, and examined spine morphology. We found a smaller number of spines, which were also shorter, when compared to the control (Supplementary Figure S4) .
The outcome of these experiments is that CALEB/NGC contributes to both number and morphogenesis of dendritic spines and filopodia.
CALEB/NGC increases density and complexity of dendritic spines and filopodia in mouse cortex
To examine whether CALEB/NGC is involved in spine formation in the intact brain, we performed in utero electroporation of E14.5 mouse embryos with the same constructs as described in Figure 4 . At P14, we analyzed spine morphology of the electroporated animals by staining brain sections for GFP. We determined spine length, density, and branch density for each electroporated construct. Spine and filopodia length was significantly increased by construct mCALEBb, and significantly reduced by construct '396' and CAL3sh when compared to controls ( Figure 8A and B) , as was spine and filopodia density (number per 10 mm; Figure 8C ). CALEB/ NGC also increased branching of spines and filopodia as measured by branch-point density of spines and filopodia per 100 mm ( Figure 8D ). These results indicate an involvement of CALEB/NGC in spine morphogenesis in the intact brain.
The EGF-like domain of CALEB/NGC drives spine and filopodia morphogenesis independent of PI3K but dependent on PKC We showed that the EGF-like domain of CALEB/NGC is important for stimulating dendritic arbor complexity. Does this domain also contribute to spine morphogenesis? To examine this, we analyzed spine and filopodia morphology of DIV16 hippocampal neurons co-transfected with the constructs indicated in Figure 9A , in comparison to EGFP-expressing cells. We found that construct EGFshedding1 ( Figure 3A) induced a similar phenotype in spine and filopodia morphology as mCALEBb. In contrast, neurons expressing EGFmutant1 had a similar spine phenotype as neurons expressing EGFP ( Figure 9A ). EGFshedding1 expression increased mean spine and filopodia length, EGFmutant1 Figure 7 Enhanced CALEB/NGC expression increases density and complexity of dendritic spines and filopodia. (A) Probing hippocampal cells in culture at DIV16 with an antibody to CALEB/NGC demonstrated strong expression in dendritic processes (green, left panel). A higher magnification view (right panel) of an overlay of CALEB/NGC (green) and MAP2 staining (red, middle and right panels) showed CALEB/NGC to be located in both dendritic spines and filopodia (arrows). (B, C) Hippocampal cells in culture were either transfected at DIV12 with EGFP-(left panels in B and C) or co-transfected with EGFP-and mCALEBb-encoding plasmids (middle and right panels in B and C), and examined at DIV12 þ 4 after staining for GFP (left and middle panels in B and C) or CALEB/NGC (right panels in B and C). (D) Quantification of spine and filopodia length in neurons transfected as described above; 1080 spines and filopodia p4.5 mm of 14 neurons examined for each construct; ***Po0.0001. (E) Quantification of spine and filopodia density (number per 10 mm); 1080 spines and filopodia p4.5 mm of 14 neurons examined for each construct; ***Po0.0001. (F) Quantification of spine and filopodia branch density (number of branch points per 100 mm; branch points of spines and filopodia p4.5 mm of 2700 mm dendrite length of 14 neurons were counted; ***Po0.0001. Scale bars, 35 mm (A, left and middle panel), and 6 mm (A, right panel), 25 mm (B), and 1.5 mm (C).
did not ( Figure 9B ). In addition, EGFshedding1 expression increased mean spine and filopodia density (number of spines and filopodia per 10 mm dendrite), whereas construct EGFmutant1 did not ( Figure 9C) . Furthermore, the mean branch-point density of spines and filopodia (branch points per 100 mm dendrite) was increased by construct EGFshedding1 but not by construct EGFmutant1 ( Figure 9D) . Thus, the EGF-like domain of CALEB/NGC is relevant for spine morphogenesis.
Is it possible that not only the same extracellular domain, but also the same signal transduction pathway plays a role for CALEB/NGC to stimulate spine morphogenesis as well as dendritic branching? To answer this question, we analyzed the effect of the PI3K inhibitor LY294002 on CALEB/NGCinduced increase in spine and filopodia length. We found that LY294002 did not inhibit the effect of CALEB/NGC on spine and filopodia length ( Figure 9F ). To confirm these results, we analyzed neurons transfected to express either mCALEBb alone or EGFP. In this case, the expression of mCALEBb in individual neurons was higher than in neurons co-transfected with EGFP (because of promoter competition), as was the effect on spine and filopodia length ( Figure 9G ). In this situation, also LY294002 did not inhibit the increase in spine and filopodia length evoked by CALEB/NGC ( Figure 9G ).
Although PI3K is important for dendritic branching stimulated by CALEB/NGC, it is not relevant for the signal transduction initiated by CALEB/NGC to drive spine morphogenesis. What about PKC, which was also shown to be necessary for dendritic branching stimulated by CALEB/ NGC? We found that the PKC inhibitor hypericin, which was better tolerated by hippocampal neurons in this age (DIV12-DIV16) than BIM, could block CALEB/NGC-induced increase in spine and filopodia length ( Figure 9H and I) . Together, our data indicate that PKC is an important component for the signaling pathway involved in CALEB/NGC-driven spine morphogenesis.
Discussion
Dendrite morphogenesis has an important impact on neuronal circuit formation, and the extent of the arborization of Figure 8 CALEB/NGC increases density and complexity of dendritic spines and filopodia in mouse cortex. (A) E14.5 mouse embryos were electroporated in utero with pCLEG vector (control) and the indicated constructs. Brain sections of electroporated animals were analyzed after fixation at postnatal day 14 (P14) and staining for GFP for better visualization of spine and filopodia morphology. Representative micrographs of dendritic spines and filopodia are given for each electroporated construct. (B) Quantification of spine and filopodia length in neurons electroporated as described above; 500 (for constructs mCALEBb, CAL1sh, and CAL3sh) and 660 (for pCLEG vector and construct '396') spines and filopodia p4.5 mm of 12 neurons were examined for each construct; ***Po0.0005). (C) Quantification of spine and filopodia density; 650 spines and filopodia of 12 neurons were counted for each construct, ***Po0.001, **Po0.01. (D) Quantification of spine and filopodia branch density; 650 spines and filopodia of 12 neurons were analyzed, **Po0.01, *Po0.05. Scale bar, 2.5 mm.
dendritic trees correlates with the number and distribution of synaptic inputs that neurons can receive and process. Here, we present data showing that CALEB/NGC mediates den dritic tree complexity and is critically involved in spine formation.
Increasing CALEB/NGC levels in primary hippocampal neurons is sufficient to enhance dendritic arborization in these cells. In fact, CALEB/NGC is strongly expressed in hippocampal and neocortical neurons during development and in the adult, and it is present in areas where basal or apical dendrites elaborate. In hippocampal neurons in culture, a well-established model system for studying dendrite differentiation, CALEB/NGC localized to dendrites early in development and to dendritic spines and filopodia during later developmental stages. Overexpression of CALEB/NGC results in increased dendritic arbor complexity due to enhanced dendritic branching, as shown by Sholl analysis. Reducing the endogenous expression level of CALEB/NGC impairs dendritic tree elaboration. In addition, the CALEB/ NGC-derived construct '396' interferes in a dominant-negative manner with endogenous CALEB/NGC function. One possible explanation for this is that construct '396' is able to bind and take away an unknown CALEB/NGC ligand but is unable to stimulate signal transduction to the cytoskeleton, because it lacks cytoplasmic peptide segments A and B. These segments are shown to be necessary for CALEB/NGC to induce dendritic arbor complexity. It will be important in future to identify interaction partners for these peptide segments which could connect the transmembrane protein CALEB/NGC to intracellular signaling pathways which, in the end, lead to increased dendritic arbor complexity. Our data show that the PI3K-Akt-mTOR pathway plays an important role in CALEB/NGC-mediated dendritic branching as pharmacological intervention at different steps of this pathway partially or fully inhibits the effects on dendritic tree complexity evoked by CALEB/NGC. The general relevance of the PI3K-Akt-mTOR pathway for dendritic branching has been published recently (Jaworski et al, 2005; Kumar et al, 2005) . However, there must be several specific aspects within this pathway in terms of a fine-tuning necessary to establish a special phenotype of dendritic arbor complexity. For example, Jaworski et al (2005) published that basal dendrites are effected by inhibiting mTOR with rapamycin or anti-mTOR shRNA. We show that CALEB/NGC primarily stimulates branching of apical dendrites. Kumar et al (2005) presented data that constitutive active PI3K or Akt increase the number of first-order dendrites. Our results point to the view that CALEB/NGC affects higher order dendritic branching. One could speculate whether other signal-transducing proteins such as PKC, which is also necessary for CALEB/NGCmediated dendritic arborization, are involved in this finetuning of dendritic branching.
What is the exact mechanism how CALEB/NGC acts? We favor a model in which overexpressed CALEB/NGC functions as a receptor for a so far unknown ligand and turns on its normal signal-transduction pathway. Alternatively, overexpressed CALEB/NGC could act in a dominant-negative manner by competing with endogenously expressed CALEB/NGC for cytoplasmic signaling proteins. Owing to overexpression, many CALEB/NGC molecules would not get a ligand because the presumed ligand may not be similarly upregulated in the culture, and thus cannot drive signal transduction. However, in this scenario construct '396' must evoke the same phenotype as mCALEBb, because it competes with endogenously expressed CALEB/NGC for the presumed ligand. The construct '396'-induced dendritic phenotype, however, is very different from the mCALEBb-induced one. In addition, we observe that mCALEBb overexpression stimulates dendritic tree complexity better in dense cultures than in thin ones. We interpret this phenomenon such that mCALEBb functions as a receptor that needs a ligand produced by the culture. Which part of CALEB/NGC binds to this ligand? Our mapping experiments clearly demonstrate that the EGF-like domain of CALEB/NGC is necessary for increasing dendritic branching. A putative ligand for this domain is currently unknown. It was published that CALEB/NGC might bind to ErbB3 receptor tyrosine kinase (Kinugasa et al, 2004) . However, the expression profile of ErbB3 does not support a relevance of ErbB3 for CALEB/NGC-induced dendritic branching (Fox and Kornblum, 2005) .
A shedding of extracellular segments of CALEB/NGC, which is induced by electrical activity, has been reported (Jüttner et al, 2005) . We show that CALEB/NGC stimulates dendritic tree elaboration independent of electrical activity. This result is in line with our data that show that the MEK inhibitor U0126 does not block CALEB/NGC-mediated dendritic branching, because the MEK-MAPK pathway has been shown to be involved in activity-dependent formation of dendrites. This either implies that the shedding of CALEB/ NGC induced by electrical activity is not necessary for CALEB/NGC to increase dendritic arbor complexity, but may serve other functions. Alternatively, it could be that a shedding of extracellular segments of CALEB/NGC to expose the EGF-like domain may be stimulated by other signaling pathways.
In addition to stimulating dendritic branching, CALEB/ NGC promotes spine morphogenesis by increasing their number and length. Interestingly, CALEB/NGC also promotes the branching of these dendritic protrusions. This could result in the formation of additional postsynaptic sites for the same axonal terminal. Although the EGF-like domain of CALEB/NGC drives both, dendritic branching and spine morphogenesis, different signal transduction pathways seem to be important for these effects to occur during consecutive developmental events. In case of dendritic branching, the PI3K-Akt-mTOR pathway and PKC are important, whereas in case of spine morphogenesis, PI3K is dispensable. Figure 9 The EGF-like domain of CALEB/NGC drives spine and filopodia morphogenesis independent of PI3K but dependent on PKC. (A) DIV12 hippocampal neurons were co-transfected with the indicated constructs ( Figure 3A ) and spine morphology was analyzed 3 days later after staining for GFP (co-staining for GFP and FLAG epitope in case of CALEB/NGC-derived constructs). Representative micrographs of dendritic spines and filopodia are given for each transfected construct. (B-D) Quantifications of spine and filopodia length, density and branch density of neurons transfected as described in (A); 1000 spines and filopodia p4.5 mm of 12 neurons were analyzed for each construct, ***Po0.0005, *Po0.05. (E) Representative pictures of spines and filopodia of hippocampal neurons co-transfected at DIV12 with the indicated constructs and treated for 3 days with 20 mM LY294002, which were added 3 h after transfection. (F) Quantification of spine and filopodia length of neurons transfected as described in (E); 719 (without inhibitor) and 1265 (with inhibitor) spines and filopodia p4.5 mm of 12 neurons were analyzed for each construct, ***Po0.0005. (G) Quantification of spine and filopodia length of neurons transfected with constructs encoding EGFP or mCALEBb at DIV12, treated with LY294002 as described above and examined 3 days later after staining for GFP or FLAG epitope; 3000 spines and filopodia p4.5 mm of 36 neurons were analyzed for each construct, ***Po0.001. (H) Representative pictures of spines and filopodia of hippocampal neurons co-transfected at DIV12 with the indicated constructs and treated for 3 days with 10 mM hypericin which were added 3 h after transfection. (I) Quantification of spine and filopodia length of neurons transfected as described in (H); 1350 spines and filopodia p4.5 mm of 12 neurons were analyzed for each construct, ***Po0.0001. Scale bar, 1.5 mm.
Our data obtained from primary hippocampal neurons point to a function of CALEB on the dendritic and postsynaptic side. Recently, Rathjen and colleagues published a phenotype analysis of CALEB/NGC-deficient mice (Jü ttner et al, 2005) . They focused on electrophysiological measurements in the superior colliculus. Their results suggest that CALEB/NGC may be implicated in the development of the presynapse by affecting the release probability during early postnatal stages. Therefore, the use of this deficient mouse model for studies on the involvement of CALEB in dendritic maturation in vivo cannot exclude a potential presynaptic cause of postsynaptic dendritic changes. To circumvent this restriction of a CALEB/NGC-deficient mouse model for our in vivo studies, we took advantage of the in utero electroporation technique to study the function of CALEB/NGC in mouse cortex. In contrast to the situation of a knockout mouse or overexpressing transgenic animal, this technique enables studies on a small number of identifiable, genetically targeted neurons in an otherwise unaffected microenvironment. In this way, we were able to assess the selective effect of CALEB/NGC on the dendritic or postsynaptic compartment.
We electroporated CALEB/NGC-derived constructs at E14.5 (for analysis at P14) or E15.5 (for analysis at P7) to perform a temporally discrete interference with the function of endogenously expressed CALEB/NGC. We slightly overexpressed mCALEBb or misexpressed construct '396', which interferes with CALEB/NGC function in a dominant-negative manner. In addition, we reduced the amount of endogenously expressed CALEB/NGC by the shRNA construct CAL3sh. All constructs functioned in vivo as they did in vitro: mCALEBb increased, and constructs '396' and CAL3sh decreased dendritic tree complexity and spine morphogenesis. Because the number of primary dendrites starting to grow from the cell bodies only slightly increased in the case of mCALEBb electroporation compared to control (no change in the case of construct '396' and CAL3sh electroporation compared to control, data not shown), CALEB/NGC seems to operate by stimulating dendritic branching, as is also indicated by the results of the Sholl analysis ( Figure 1E ).
Could the electrophysiological phenotype of CALEB/NGCdeficient mice be explained by the morphological phenotype induced by CALEB/NGC in our experimental systems? This seems to be difficult. First, our in vivo experiments are designed to study a phenotype related directly to changes on the dendritic and not axonal site. Jü ttner et al (2005) postulated an effect of CALEB/NGC on the presynaptic site. Second, the electrophysiological phenotype in CALEB/NGCdeficient mice can be observed only during early developmental stages (P1-P3). Our spine analysis in vivo shows that CALEB/NGC is involved in spine morphogenesis later in development at P14. This does not relate to the lack of electrophysiological phenotype in CALEB/NGC-deficient mice at this developmental stage. However, it would be interesting perspectively to characterize electrophysiologically pyramidal neurons ectopically targeted by in utero electroporation with CALEB/NGC-derived constructs to better understand this issue. It is also possible to think about an axonal phenotype induced by CALEB/NGC in addition to the dendritic one which is described here, because CALEB/NGC is also expressed on axons in addition to dendrites (Schumacher et al, 1997) . It is currently not clear whether CALEB/NGC affects only dendrites and not axons as was published for the Ig family protein Dasm1 (Shi et al, 2004b) , which induces a dendritic phenotype similar to CALEB/NGC. Whether CALEB/NGC functionally resembles Dasm1 in controlling excitatory synapse formation at later developmental stages (Shi et al, 2004a) remains to be examined in future.
In summary, we have presented in vitro and in vivo evidence that CALEB/NGC is critical for the regulation of key steps involved in generating dendritic tree complexity and spine formation.
Materials and methods
Cell culture and transfection
Primary hippocampal neurons were prepared from embryonic day 18-19 Wistar rat pups as described (Banker and Goslin, 1998) . The cells were cultured on poly-L-lysine-coated glass coverslips in neurobasal A medium supplemented with 2% B27 (Invitrogen), 0.5 mM glutamine (Brewer et al, 1993) , and the antibiotics penicillin and streptomycin at a density of 150 000 cells/well. No glia co-cultures were used.
These cells were transfected with Effectene (Qiagen) according to the manufacturer's instructions.
The ratio of EGFP and CALEB/NGC construct transfection efficiency is approximately 5:1. As indicated, an inhibitor cocktail containing TTX (1 mM), D-APV (50 mM) and nifedipine (10 mM) (all from Sigma) as well as LY294002 (20 mM), U0126 (10 mM), hypericin (10 mM) (all from Sigma), Akt I (10 mM) and Akt III inhibitor (25 mM), rapamycin (10, 100 nM) and BIM (1, 10 mM) (all from Calbiochem) were added to the cultures 3 h after transfection. In control cultures, the equivalent volume of solvent for inhibitors was added.
Constructs and siRNA
The construct mCALEBb represents full-length CALEBb/NGC (Schumacher et al, 2001) , with an N-terminal 3 Â FLAG tag and a C-terminal Myc epitope, cloned into the expression vector p3 Â FLAG-Myc-CMV-25 (Sigma). Construct '388' is similar to mCALEBb but lacks the part of the sequence starting from amino acids 'NKFRTPSE' to the C terminus. Construct '400' is similar to mCALEBb, but lacks the part of sequence starting from amino acids 'VRKFCDTP' to the C terminus. Construct '396' contains the whole extracellular part and the transmembrane segment of mCALEB but lacks the entire cytoplasmic region. Construct EGFshedding1 is a deletion construct of mCALEBb starting from amino acids 'VPPQHTL' to the C terminus. Construct EGFmutant1 is identical to mCALEBb but has a four-point mutation within the EGF-like domain. The sequence encoding the mutated EGF-like domain in this construct is as follows: (5 0 -TGTGACCTCTTTCCGAGTTACTGT-CACAACGGCGACCAGTGCTACCTGGTGGAGAACATAGGGGCTTTCT GCAGGTGTAACACCCAGGACTACATCTGGCACAAGGAGATGGGCGG TGAGTCCATCATCACG-3 0 ). The synthesized (Dharmacon) siRNA oligonucleotide CAL3 (5 0 -AAGCUGAGGAGGACCAACAA-A-3 0 ) for rat and (5 0 -AAGCUGCGGAGGACCAATAA-A-3 0 ) for mouse was derived from the rat or mouse CALEB/NGC sequence, the control siRNA oligonucleotide CAL1 (5 0 -AACCCCAACCCCAGCCUUGAU-3 0 ) from that part of the chicken CALEB/NGC sequence not conserved between chick and rat (Schumacher et al, 2001) . Sequence specificity of the oligonucleotides was confirmed by GenBank analysis. SiRNAs were either transfected alone (400 pmol per sixwell for Western blot analysis) or co-transfected with EGFP (80 pmol per 12-well) according to the Effectene transfection protocol provided by the manufacturer. Transfection efficiency is much better when transfecting only siRNA oligonucleotides than co-transfecting siRNA and EGFP. We obtained approximately 70-85% transfection efficiency with siRNA oligonucleotides (some authors report about transfection efficiencies of primary neurons up to 90% for siRNA duplexes (Govek et al, 2004) ).
ShRNAs were constructed with the pCGLH vector (Chen et al, 2005) and the corresponding CAL3 and CAL1 oligonucleotides according to Brummelkamp et al (2002) . The sequence for the hairpin is 5 0 -GATCTCG X TTCAAGAGA Y TTTTTTGGAAC-3 0 , and 5 0 -TCGAGTTCCAAAAAA X TCTCTTGAA Y CGA-3 0 . X, RNAi oligos; Y, complement sequence of RNAi oligos. All constructs were tested by DNA sequencing.
Biochemical procedures
Hippocampal cell extracts were prepared with Tris-buffered saline (pH 7.4), containing 1.2% Triton X-100 and a protease inhibitor cocktail containing leupeptin, pepstatin, aprotinin, and PMSF (all from FLUKA). Protein concentrations were determined with the BCA micro protein assay (Pierce). After performing an SDS-PAGE with 8% acrylamide under reducing conditions, a subsequent Western blot was analyzed with a monoclonal antibody to CALEB/ NGC (BD Biosciences, # 610986) and a polyclonal antibody to btubulin (H-235, Santa Cruz). Proteins were detected using a chemiluminescent detection system (LumiGLO TM Reagent and Peroxide; Cell Signaling Technology).
In utero electroporation
A detailed protocol for in utero electroporation (Saito and Nakatsuji, 2001 )and selection of pyramidal neurons is presented in Supplementary Figure S5 .
Immunohistochemistry and immunocytochemistry
For immunohistochemical analysis of hippocampal tissue, adult rats or P10 mice were deeply anesthetized and killed by transcardial perfusion with 4% paraformaldehyde. Cryostat sections (16 mm thick) were prepared and after permeabilization in PBS supplemented with 5% fetal calf serum and 0.2% Triton X-100, incubated with an affinity-purified polyclonal antibody to the extracellular part of CALEB/NGC (1 mg/ml in PBS supplemented with 5% fetal calf serum). Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (Molecular Probes) was used. Hippocampal cells in culture were indirectly stained after permeabilization with polyclonal antibodies directed to either the extracellular or the intracellular region of CALEB/NGC (both 1 mg/ml; both directed to recombinant fusion proteins with maltose binding protein or glutathione S-transferase, respectively). Cells were co-stained with a monoclonal antibody to MAP2 (HM-2, Sigma). The secondary antibodies Alexa Fluor 488-conjugated goat anti-rabbit (Molecular Probes) and Cy3-conjugated goat anti-mouse (Dianova) were used according to the manufacturer 0 s instructions. Cells were imaged with a fluorescence microscope (Olympus, BX 50) equipped with a Cool SNAP ES digital camera (Roper Scientific). For fluorescence imaging, the filters U-MWIG, U-MNIBA, and U-MWU2 (Olympus) were used. For higher magnification pictures, an oil immersion objective (PLAN APO Â 60, 1.4 NA) was used.
Image acquisition and data analysis
Acquisition and data analysis for all experiments were performed by investigators blind to the experimental conditions.
A detailed description for image acquisition and data analysis is presented in Supplementary Figure S5 .
Statistical analysis
Measured data were exported to Excel software (Microsoft). All results are reported as mean 7 standard error of the mean (s.e.m.).
Comparison of data and calculation of P values were carried out using two-tailed Student's t-tests.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
